Abstract. The present study aimed to determine the role of arginase (Arg) in pulmonary arterial hypertension (PAH). In vitro, human pulmonary artery smooth muscle cells (HPASMCs) were cultured under hypoxic conditions with, or without, the Arg inhibitor, S-(2-boronoethyl)-l-cysteine (BEC), for 48 h, following which the proliferation of the HPASMCs was determined using MTT and cell counting assays. For the in vivo investigation, 30 male rats were randomly divided into the following three groups (n=10 per group): i) control group, ii) PAH group and iii) BEC group, in which the right ventricle systolic pressure (RVSP) of the rats was assessed. The levels of cyclin D1, cyclin-dependent kinase (CDK)4 and p27 were measured in vitro and in vivo. The phosphorylation levels of Akt and extracellular-related kinase (ERK) were also measured in HPASMCs. In vitro, compared with the hypoxia group, Arg inhibition reduced HPASMC proliferation and reduced the expression levels of cyclin D1, CDK4, phosphorylated (p-)Akt and p-ERK. By contrast, Arg inhibition increased the expression of p27. In vivo, compared with the control group, the expression levels of cyclin D1 and CDK4 were reduced in the PAH group, however, the expression of p27 and the RVSP increased. In the BEC group, the opposite effects were observed. Therefore, it was suggested that Arg inhibition may reduce the RVSP of PAH rats and reduce HPASMC proliferation by decreasing the expression levels of cyclin D1 and CDK4, increasing the expression of p27, and partly reducing the phosphorylation of Akt and ERK.
Introduction
Pulmonary arterial hypertension (PAH) is a life-threatening disease, which contributes to the morbidity and mortality rates of patients with various lung and heart diseases (1) . PAH has a multifactorial pathology; and a variety of cell types, including endothelial cells, smooth muscle cells, inflammatory cells and platelets, may be implicated in the progression of PAH (2) .
Vascular smooth muscle cells (VSMCs) are present in the medial wall of blood vessels, which are normally quiescent and express a differentiated phenotype to maintain vascular tone. However, under pathological conditions, VSMCs switch to a 'synthetic' phenotype, secrete inflammatory cytokines and contribute to vascular pathogenesis (3) . VSMC proliferation of the pulmonary artery has been considered as one of the major causes of pulmonary arterial remodeling (4) . Progressive pulmonary arterial remodeling is a characteristic of PAH, which is central to the persistent deterioration and the irreversibility of the disease (5) . At present, few therapeutic options are effective for targeting pulmonary arterial structure remodeling following development of PAH.
Nitric oxide (NO), one of the smallest known bioactive products in mammalian cells, has an important role in controlling vascular tone and structure, in which it mediates relaxation of the vessels through the activation of cyclic guanosine mono-phosphate-dependent pathways (6) . NO has been reported as being central in the pathogenesis of pulmonary hypertension (7, 8) . A previous study demonstrated that the levels of NO in lung tissues are lower in patients with PAH, compared wirth healthy controls (9) , and that NO inhalation may be effective in pulmonary vasodilator therapy (10) . NO synthase (NOS) transforms l-arginine (l-Arg) into NO (11) , and the production of NO predominantly depends on the activity of NOS and protein expression.
It has been reported that the oral administration of l-Arg improves the hemodynamics and exercise capacities of patients diagnosed with PAH (12) . l-Arg is a common catalyzing substrate of NOS and arginase (Arg), and Arg is the enzyme in the urea cycle, which converts l-Arg into urea and polyamines (13) . Thus, Arg and NOS have reciprocal activities that may shift the metabolism of l-Arg towards polyamine homeostasis or twoards NO production, respectively. Arg has two isoforms, Arg I and Arg II.
Arg I is predominantly expressed in the SMCs, and it has been reported that Arg I contributes to human aortic SMC proliferation (14) . The function of Arg in tissues has attracted increasing attention (15) .
At present, the function of Arg in the development of PAH remains to be elucidated. The present study aimed to observe the effects of Arg inhibition on PAH and investigate the associated mechanisms. It was hypothesized that Arg inhibition may exert a beneficial role in the prevention and treatment of PAH and, in order to assess this hypothesis, a series of in vivo and in vitro experiments were designed to investigate the underlying roles and mechanisms. The results may support a novel target for the treatment of PAH.
Materials and methods
Cell culture. Human pulmonary artery smooth muscle cells (HPASMCs) were purchased from the American Type Culture Collection (Manassas, VA, USA) and were cultured in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum at 37˚C in a 5% CO 2 and 95% air atmosphere. The cells up to the fourth passage were used for the subsequent experiments. The HPASMCs were placed in hypoxic conditions (1% O 2 ; 5% CO 2 ) in a cell culture, which was either untreated or pretreated with S-(2-boronoethyl)-l-cysteine (BEC) at 37˚C for 48 h (16) . BEC (Abcam, Cambridge, UK), an Arg inhibitor, was used as a positive control in the detection of Arg interference.
Measurement of HPASMC proliferation.
The proliferation of the HPASMCs was determined using an MTT assay (Beyotime Institute of Biotechnology, Haimen, China). Briefly, the HPASMCs were seeded into 96-well plates at a density of 5,000 cells/well. Following exposure to hypoxic conditions with or without treatment with BEC, the HPASMCs were incubated with 10 µl MTT (5 mg/ml)/well for 4 h at 37˚C. The supernatant was carefully removed and 75 µl/well dimethyl sulfoxide was added to dissolve the formazan crystals. The samples were then analyzed at 570 nm using a Varioskan Flash Multifunction plate reader (Thermo Fisher Scientific, Waltham, MA, USA).
For cell counting, the HPASMCs were seeded in a 6-well plate at the same density as for the MTT assay, and were treated in the above-mentioned conditions. Subsequently, the cells were washed with phosphate-buffered saline, harvested with trypsin and were counted using a hemocytometer (BC-5300; Mindray Medical International Limited, Shenzhen, China).
Rat model of chronic hypoxia exposure. For the in vivo investigations, 8-week-old male Sprague-Dawley rats were exposed to normoxic (21% O 2 ) or hypoxic (10% O 2 ) conditions for 3 weeks. During the final 10 days of exposure to the conditions, each animal was administered with either rosiglitazone (10 mg/kg/day; R&D, Minneapolis, MN, USA) or an equal volume of vehicle (methylcellulose; Fortune Biotech, Shanghai, China) daily by oral gavage. It has been previously reported that this hypoxia regimen stimulates increased right ventricular systolic pressures (RVSP), right ventricular hypertrophy and pulmonary vascular remodeling, and that these hypoxic derangements are attenuated by rosiglitazone (17) . All animals had access to standard rat chow and water ad libitum and all procedures were reviewed and approved by the Animal Care and Use Committee of Shandong University (Jinan, China).
Animals.
A total of 45 male Sprague-Dawley rats were purchased from the Animal Center of the Shandong University School of Medicine and used for all experiments. All animals were kept under a 12-h light/dark cycle at 25˚C with five rats per cage. All rats had free access to food and water and were randomly divided into the following three groups, each containing 15 rats: Normal group, control group and Arg group. The rats in the normal group were exposed to normoxic conditions, while the control and Arg groups were exposed to hypoxic or normoxic conditions, and the Arg group was administrated with monocrotaline (Sigma-Aldrich, St. Louis, MO, USA) and the Arg inhibitor, BEC. Subsequent to injection for 24 days, the rats were anesthetized by intraperitoneal injection of 2% pentobarbital sodium (0.3 ml/100 g; Sigma-Aldrich) and the pulmonary arteries were isolated from the rats of the two groups for the following experiments. All animal care and experimental protocols complied with the animal management rules of the Animal Care and Use Committee of Shandong University (Jinan, China).
Measurement of RVSP.
The presence of increased right ventricular pressure confirms the successful establishment of PAH animal models. Prior to sacrification of the rats (by intraperitoneal injection of pentobarbital sodium (20 mg/100 g; Sigma-Aldrich), RVSP was measured by right heart catheterization. The right jugular vein was isolated, following which a small polyethylene catheter was passed through a small transverse cut and advanced into the right ventricle. RVSP was recorded using a miniature pressure transducer digitized by a data acquisition system.
Measurement of Arg activity.
The activities of Arg in the HPASMCs and the rats were measured, as previously described (18). Briefly, the cells or tissues were lysed for 30 min and Tris-HCl (25 mM) containing MnCl 2 (5 mM; pH 7.4) was added. Arg was activated by heating for 10 min at 56˚C. The activated lysate was incubated with 0.5 M arginine (pH 9.7) at 37˚C for 60 min, followed by termination of the reaction. The concentration of urea was measured at 540 nm using a Varioskan Flash Multifunction reader, with one unit of enzyme activity defined as the quantity of enzyme that catalyzes the formation of 1 µmol urea/min.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
The pulmonary arteries of the rats were isolated and the HPASMCs were harvested, and the total RNA was extracted using TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA), according to the manufacturer's instructions. The concentrations of the total RNA were tested using a spectrophotometer. 1 µg mRNA was used for reverse transcription in a final volume of 20 µl. The reverse transcription from mRNA to cDNA was performed using a iScript cDNA synthesis kit (BioRad Laboratories, Inc., Hercules, CA, USA) containing a mixture of oligo(dT) and random primers. Real-time PCR was performed with an iQ™ SYBR Green Supermix kit (Bio-Rad Laboratories, Inc.) using 1 µl cDNA in a 20-µl volume. The PCR was performed using an iCycler iQ realtime PCR detection system (Bio-Rad Laboratories, Inc.) and the program was performed for 40 cycles at 95˚C for 30 sec, 55˚C for 30 sec and 72˚C for 30 sec. In the in vivo experiment, qPCR was performed using the following primers (Biosune, Shanghai, China): Cyclin D1, forward 5'-CAG ACC AGC CTA ACA GAT TTC-3' and reverse 5'-TGA CCC ACA GCA GAA GAA G-3'; cyclin-dependent kinase (CDK)4, forward 5'-GCT ACC ACT CGA TAT GAA CCC GTG GCT GAA-3' and reverse 5'-GGT GCT TTG TCC AGG TAT GTC CGT AGG TCC-3'; p27, forward 5'-CTT GGA GAA GCA CTG CCG AGA T-3' and reverse 5'-CCC TGG ACA CTG CTC CGC TA-3'; and β-actin, forward 5'-ATC ATG TTT GAG ACC TTC AAC A-3' and reverse 5'-CAT CTC TTG CTC GAA GTC CA-3'. In the in vitro experiment, the sequences of primers were as follows: Cyclin D1, forward 5'-CTC CTC TCC GGA GCA TTT TGA TA-3' and reverse 5'-TTA AAG ACA GTT TTT GGG TAA TCT-3'; CDK4, forward 5'-ATG GCT ACC TCT CGA TAT GAG CCA-3' and reverse 5'-TCA CTC CGG ATT ACC TTC ATC CTT-3'; and p27, forward 5'-CTT GGA GAA GCA CTG CCG AGA T-3' and reverse 5'-CCC TGG ACA CTG CTC CGC TA-3'. The relative expression levels of the genes was obtained using the 2 -ΔΔct calculation method (19) . Each sample was analyzed in triplicate and the expression levels were normalized to that of β-actin.
Western blot analysis. The total proteins were extracted from pulmonary arteries of the rats and HPASMCs. HPASMCs were scraped off the dish, and the cell suspension was transferred into a pre-cooled tube. 30 mg pulmonary arteries of the rats were dissected and placed in 300-µl cooled lysis buffer. Lysates were kept on ice for immediate homogenization and maintained under constant agitation for 30 min at 4°C. The mixtures were centrifuged for 20 min at 16,000 xg at 4˚C. The protein lysate was then transferred to a fresh tube on ice and an equal volume of 2X loading buffer was added. Each lysate was boiled in loading buffer at 99˚C for 5 min and subsequently stored at -20˚C for western blotting. The protein concentrations were assayed using a bicinchoninic acid method (Beyotime Institute of Biotechnology, Haimen, China). The samples were separated on a 10-12% SDS-polyacrylamide gel and electrophoretically transferred onto a nitrocellulose membrane (EMD Millipore, Billerica, MA, USA). Following blocking with 5% non-fat milk for 2 h at room temperature, the membrane was washed in Tris-buffered saline with Tween 20 (TBS-T; Beyotime Institute of Biotechnology) three times for 10 min. Subsequently, the membrane was incubated with primary antibodies, including rabbit polyclonal cyclin D1 antibody (1:1,000; Cell Signaling Technology, Inc., Danvers, MA, USA), rabbit polyclonal CDK4 (1:500; Abcam, Cambridge, MA, USA), rabbit monoclonal anti-p27 (1:500; Abcam), rabbit monoclonal anti-Akt and monoclonal phosphorylated (p)-Akt (1:1,000; Cell Signaling Technology, Inc.), rabbit monoclonal anti-ERK and monoclonal p-ERK (1:1,000; Cell Signaling Technology, Inc.) and rabbit monoclonal anti-β-actin (1:1,000; Cell Signaling Technology, Inc.) antibodies at 4˚C overnight. Following washing with TBS-T three times, the membrane was incubated with a horseradish peroxidase-conjugated secondary antibody. The bands were detected using an enhanced chemiluminescent method (EMD Millipore) and analyzed using Image-Pro Plus software, version 6.0 (Media Cybernetics, Inc., Rockville, MD, USA).
Statistical analyses. Analysis of the data was performed using SPSS, version 13.0 (SPSS, Inc., Chicago, IL, USA). Continuous variables are expressed as the mean ± standard error of the mean. All statistical comparisons were performed using Student's t-test or one-way analysis of variance. P<0.05 was considered to indicate a statistically significant difference.
Results

BEC reduces hypoxia-induced HPASMC proliferation in vitro.
The effects of BEC on HPASMC proliferation were evaluated under hypoxic conditions. The MTT assay demonstrated that the inhibition of Arg by BEC inhibited HPASMC proliferation, compared with the hypoxia group. The cell counting assay produced similar results (P<0.05; Fig. 1 ). The regulation of Arg inhibition on HPASMC proliferation may be one important mechanism of anti-PAH.
Arg inhibition arrests HPASMCs in the G 1 /G 0 -phase under hypoxic conditions. The proliferation of cells is dependent on the cell cycle transition between the G 1 /G 0 and the G 2 /S phases. In the present study, whether the Arg inhibitor affected the cell cycle distribution of HPASMCs was investigated. As shown in Fig. 2A , compared with the control group, BEC treatment arrested a higher percentage of HPASMCs in the G 1 /G 0 phase (P<0.05).
Arg inhibition reduces the expression levels of cyclin D1 and CDK4
, and increases the expression of p27. The mechanism underlying the effect of hypoxia was then investigated. 
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Previous studies have demonstrated that cyclin D1, CDK4 and p27 are key in regulation of cell proliferation and the cell cycle, therefore, the effects of hypoxia and BEC on their levels of expression were evaluated in the HPASMCs. RT-qPCR analysis revealed that the gene expression levels of cyclin D1 and CDK4 were significantly reduced in the Arg inhibitor group, compared with those in the control group, whereas treatment with the Arg inhibitor treatment significantly enhanced hypoxia-induced gene expression of p27 (P<0.05; Fig. 2B-D) . Similar results were obtained in the western blot analyses (P<0.05; Fig. 2E-H) .
The levels of cyclin D1, CDK4 and p27 were measured in vivo in the pulmonary arteries of the rats. As hypothesized, compared with the control group, the gene and protein expression levels of cyclin D1 and CDK4 were markedly reduced, and the expression of p27 was markedly increased in the BEC-treated rats (P<0.0; Fig. 3 ). These results indicated that the regulation of Arg inhibition on the cell cycle may be another mechanism of its anti-PAH effects.
Arg inhibition decreases the phosphorylation of Akt and ERK1/2.
It has been reported that the Akt and ERK pathways are involved in the proliferation pfHPASMCs and progression of PAH (20) . Thus, in the present study, the protein expression levels of Akt and ERK in vitro were assessed using western blot analysis. Compared with the hypoxia group, Arg inhibition downregulated the phosphorylation of Akt and ERK, which may be another mechanism of the protective effects of Arg inhibition (P<0.05; Fig. 4 ).
Arg inhibition reduces the PAH-induced increase of RVSP.
The hemodynamic parameters of rats were measured prior to sacrifice. No significant differences were observed in the mean blood pressure or heart rate among the groups (data not shown). Compared with the control group, the rats in the PAH group exhibited a higher RVSP. However, following the inhibition of Arg with BEC, the RVSP was significantly reduced (P<0.05; Fig. 5 ). These results suggested that Arg inhibition reduced the PAH-induced increase of RVSP.
Hypoxia increases the activity of Arg in vivo.
The activity of Arg in vivo was also assessed, as previously described (18). The results demonstrated that, compared with the control group, hypoxia significantly increased the activity of Arg, and this was reduced following Arg inhibition by BEC (Fig. 5) .
Discussion
PAH is a life-threatening disease, the etiology of which remains to be elucidated. Although a number of studies have focused on the development and treatment of PAH, few effective therapies have been developed. The most important finding of the present study was that Arg inhibition prevented the progression of PAH in the rat model. The major mechanisms may involve significant inhibition of HPASMC proliferation, regulation of the cell cycle and reduced expression levels of Akt and ERK by BEC. To the best of our knowledge, this is a novel observation regarding the Arg inhibitor BEC.
Increased pulmonary artery constriction and remodeling is a key characteristic of PAH. NO, synthesized by NOS, is considered to be critical in maintaining pulmonary arterial pressure and vascular resistance, and it has been reported that NO is involved in the pathogenesis of pulmonary hypertension (21) . A reduction in NO promotes the development of pulmonary hypertension (22) . It was reported previously that, in an animal model of NOS-deficient mice, increased mean pulmonary arterial pressure was observed, and pulmonary arterial pressure was partially restored following the transfer of NOS to the mice (23) . NO inhalation has been considered as an effective method in PAH therapy (10) . l-Arg is a common catalyzing substrate of NOS and Arg, and the metabolic pathway of l-Arg is an important mechanism of NO synthesis, where the presence of l-Arg augments NO synthesis and endothelium-dependent vasodilation. However, Arg has been reported to compete with NOS for the common catalyzing substrate, thus shifting the metabolism of arginine to urea (19) . Therefore, inhibition of Arg may inhibit the conversion of l-Arg to urea and increase NO synthesis. The principal phenotype of SMCs is contraction, which preserves vasodilation and blood flow regulation in physiological conditions. However, SMCs exhibit a 'synthetic' phenotype in pathological conditions, and increase the capacity of proliferation and generation of matrix components of the blood vessel wall, contributing to vascular remodeling (24) . Aberrant HPASMC proliferation leads to pulmonary arterial remodeling and contributes to the progression of PAH, whereas effective inhibition the aberrant HPASMCs can delay and even halt the deteriorative progression of PAH (4) . In the present study, the role of Arg inhibition in the proliferation of hypoxia-induced HPASMCs was investigated, which revealed that Arg inhibition effectively inhibited the proliferation of HPASMCs. Therefore, the anti-PAH properties of Arg inhibition in the rats may have been attributed to its role in HPASMCs proliferation.
Under hypoxic conditions, more HPASMCs enter cell mitosis, and acceleration of the cell cycle is an initial factor in cell proliferation. Hypoxia has been reported to result in low cell numbers in the G 0 /G 1 phase and an increase in HPASMCs entering G 2 /S phase (25) . In the present study, the effects of Arg inhibition on the cell cycle of HPASMCs were assessed, and it was demonstrated that Arg inhibition reversed the effect of hypoxia.
A previous study reported that the balance between cell quiescence and proliferation is regulated by cyclin-dependent kinases (CDKs) and CDK inhibitors (26) . Cyclin D1 and CDKs, predominantly CDK4, are key genes controlling the cell cycle, are associated with cell proliferation and facilitate the transition of cells between the G 1 phase and the S phase (27) . The overexpression of CDK4 promotes cell proliferation, whereas inhibition of the expression of CDK4 can lead to arrest at the G 1 phase and the suppression of cell proliferation (28) . In the present study, Arg inhibition significantly reduced the expression levels of cyclin D1 and CDK4 in vivo and in vitro. p27, as one of the key CDK inhibitors, effectively inhibits cyclin D1-CDK4 protein kinase activity and negatively regulates G 1 progression in cells, and verexpression of p27 results in G 1 arrest and reduces the proliferation of HPASMCs (29) . The results of the present study demonstrated that Arg inhibition increased the mRNA and protein expression levels of p27 in vivo and in vitro. Thus, it was suggested that Arg inhibition promoted G 1 phase arrest, which may be the direct mechanism of Arg inhibition against HPASMCs proliferation and PAH.
The activation of Akt and ERK by diverse extracellular signals triggers cellular cascade responses, including cell growth, proliferation, survival and motility, prompting investigation of their expression in the present study. The levels of p-Akt and p-ERK were higher in the hypoxic HPASMCs, compared with the control cells, and Arg inhibition inhibited the activation of the Akt and ERK pathways.
The findings of the present study provide support for inhibition of Arg as a useful therapeutic intervention for the treatment of pulmonary hypertensive disorders. 
